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Abstract 
Multicrystalline silicon solar cells composed of silicon heterojunctions and a transparent conductive oxide show 
various characteristics only visible through spatially resolved and injection-dependent measurements. Injection-
dependent photoluminescence imaging calibrated with the quasi-steady-state photo conductance technique was used 
to visualize such effects caused by the interaction between the transparent conductive layer, the silicon heterojunction 
and the multicrystalline silicon absorber. By this means bulk recombination as well as passivation quality of the 
heterojunction could be locally analyzed. Shunting effects could be revealed, as well as implications on pseudo fill 
factors of locally different regions within the multicrystalline absorber. A comparison with Suns-Voc measurements 
shows that the contactless method of injection-dependent photoluminescence imaging (Suns-PLI) offers an 
appropriate method for characterizing this solar cell concept. 
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1. Introduction 
Monocrystalline silicon solar cells featuring silicon heterojunctions have already shown excellent 
efficiencies [1]. However, transferring this concept to multicrystalline absorbers brings along new 
challenges attributed to the local inhomogeneity of the material. Beside the lower global bulk lifetime, 
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attention has to be paid to surface texturing and to effects induced by the local inhomogeneity of 
multicrystalline silicon. It has become apparent that locally differing bulk lifetimes not only affect open-
circuit voltages but also pseudo fill factors [2]. In order to investigate these effects, a measurement 
method is required that features spatially resolved imaging and accounts for injection-dependent effects. 
Photoluminescence imaging calibrated with the QSSPC technique [3] provides both and in addition works 
contactless, thus allowing for a proper characterization of silicon heterojunctions on multicrystalline 
silicon absorbers. 
2. Experimental approach 
2.1. Motivation 
The experiment was designed with the aim of understanding the contributions of different cell 
processes on cell characteristics such as open-circuit voltages or pseudo fill factors. To pay attention to 
injection-dependent effects as well as to the local inhomogeneity of multicrystalline material, the new 
measurement method of Suns-PLI had to be introduced and validated. Furthermore, samples had to be 
designed as to be able to distinguish between the different influences on the above-mentioned cell 
characteristics. 
2.2. Measurement method and evaluation procedure 
The approach of the hereby used Suns-PLI method is outlined in the following (see also [4]). Based on 
the photoluminescence imaging technique (PLI), spatially resolved photoluminescence images are 
obtained. Subsequently, a lifetime calibration is carried out using a quasi-steady-state photo conductance 
(QSSPC) measurement [5]. By varying the light intensity of the PLI setup in a range of 0.01 to 1 suns, 
lifetime images spanning the respective generation rates can be obtained. Consequently, the correlation 
between the lifetime and generation rate of each point of measurement (hence each pixel of the respective 
PL image) can be determined. 
In the next step spatially resolved implied open-circuit voltages (Voc,impl) are calculated out of 
lifetimes. By assuming a linear correlation between injection density and short-circuit current (Jsc), a 
Jsc(Voc,impl) curve can be created, again for each pixel of the image. This procedure is similar to the 
approach found in Suns-Voc evaluations [3]. The maximum power point (MPP) can now be determined. 
Eventually, an image showing spatially resolved implied pseudo fill factors (PFFimpl) can be calculated 
based on the Voc,impl values at 1 sun and at the MPP. 
The whole procedure, ranging from the lifetime image to the PFFimpl image, can be carried out either 
individually for each pixel of the image or globally by averaging. For calculating the latter, the harmonic 
mean in the diffusion length is used (see also [2,7]). 
2.3. Samples configuration 
The presented results were obtained on a set of five samples (see Table 1). All samples are based on 
planar 200 micron RCA-cleaned n-type 1 Ωcm multicrystalline silicon sister wafers. To be able to 
distinguish between bulk effects of the absorber and effects introduced by the silicon heterojunction, the 
bulk lifetime sample (A) features surface passivation by silicon nitride (SiNx) on both sides. The 
heterojunction samples (B-E) feature 5 nm of hydrogenated intrinsic amorphous silicon (a-Si:H) on both 
sides, followed by 10 nm of a p-doped a-Si:H as emitter layer and 15 nm of n+-doped a-Si:H as back 
surface field layer. Solar cell precursors (E) are finished by depositing indium tin oxide (ITO) on the front 
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and back side. To distinguish between effects introduced by the ITO layers, samples B-D feature either an 
isolating silicon oxide (SiOx) capping or a conductive ITO layer on the front or back side, respectively. 
 
Table 1. Samples overview 
Sample Emitter Back surface field Note 
A SiNx SiNx Bulk lifetime sample 
B a-Si:H / SiOx a-Si:H / SiOx SHJ sample 
C a-Si:H / SiOx a-Si:H / ITO ITO only on BSF 
D a-Si:H / ITO a-Si:H / SiOx ITO only on emitter 
E a-Si:H / ITO a-Si:H / ITO Solar cell precursor 
2.4. Validity of the measurement method 
The results achieved by Suns-PLI were compared to results obtained by Suns-Voc measurements, 
contacting the ITO layer directly with a metal pin. The solar cell precursor sample (E) was therefore 
contacted on random spots across the wafer area. It had to be taken into account that both the contact 
position and the area of influence of Suns-Voc measurement results are afflicted with uncertainties. For 
this reason Suns-PLI results within defined circular areas around the assumed Suns-Voc spot position were 
included in the comparison. 
The comparison of local Voc,impl values (image in Fig. 1a and first values therein) with Suns-Voc results 
(values in parentheses in Fig. 1a) shows very good agreement for almost all spots. Differences occur due 
to the aforementioned uncertainties. In addition, optical blurring occurs in the PL images, resulting in an 
increase of Voc,impl values especially for low-lifetime regions and a reduction of the image resolution. 
The local PFFimpl results compared to measured PFF results (Fig. 1b) also show very good agreement. 
The comparison shows that the used technique provides a good characterization method, allowing for 
measurements without the constraint of having a conductive layer on the samples. 
 
 
 
 
 
(a) Voc,impl at 1 sun (b) PFFimpl 
Fig. 1. Comparison of Suns-PLI (first value) and Suns-Voc results (in parentheses), based on solar cell precursor (sample E, 4.24 cm 
x 10 cm image sections); comparison symbols indicate whether the Suns-Voc value is included within the circled area (=) or all 
Suns-PLI values therein are higher (>) or lower (<) than the Suns-Voc value; graphs showing results in agreement (Δ) or 
disagreement (x) 
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3. Measurement results 
3.1. Surface passivation quality at 1 sun 
The comparison of open-circuit voltages can be used as an indication of the passivation quality of the 
examined layer stacks, provided that the samples feature equal lifetimes. Table 2 shows that passivation 
by SiNx (bulk lifetime sample, A) or a-Si:H (solar cell precursor, E) resulted in the same average Voc,impl 
level of 682 mV at 1 sun for the investigated area of 103 cm2. However, passivation by a-Si:H yields a 
higher maximum Voc,impl of 716 mV, achieved in areas which are not in direct proximity to highly 
dislocated areas or grain boundaries (Fig 2, sample E). The minimum Voc,impl level of a-Si:H passivation is 
not significantly reduced compared to SiNx passivation. Hence it can be stated that the Voc,impl level is 
only limited by the bulk lifetime. The emitter and back surface field heterojunctions achieve high 
passivation qualities on planar multicrystalline silicon wafers at 1 sun, comparable to passivation by 
silicon nitride. 
 
 
 
A: Bulk lifetime 
sample 
 
E: Solar cell 
precursor 
 
Voc,impl 
 
Fig. 2. Local Voc,impl results at 1 sun; 4.25 cm x 10 cm image section 
Table 2. Global Voc,impl results at 1 sun (in mV), determined on 103 cm2 area 
Sample Emitter Back surface field Maximum Minimum Average [7] 
A SiNx SiNx 708 621 682 
E a-Si:H / ITO a-Si:H / ITO 716 620 682 
3.2. Fill factor losses 
The comparative analysis of local PFFimpl and Voc,impl results of the bulk lifetime sample (Fig. 3 and 
Fig. 2, sample A) shows that highly dislocated areas with low lifetimes show reduced PFFimpl results. As 
SiNx passivation shows no injection dependence on n-type material [6], the PFFimpl value is solely 
determined by the injection-dependent bulk lifetime. Therefore it can be concluded that there is a strong 
injection dependence of the bulk lifetime in dislocated areas on the wafer (see also [2]). The impact can 
be quantified by a fill factor loss of 2.2 %abs compared to the global FF0 level [8] at 1 sun (Table 3, 
sample A). 
The addition of a heterojunction emitter and back surface field without conductive ITO layers shows a 
detrimental effect on the global PFFimpl, causing a loss of 1.1 %abs (Table 3, sample B). Adding the highly 
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conductive ITO layers on both sides of the wafer to form the solar cell precursor leads to an additional 
reduction of 0.4 %abs (Table 3, sample E). 
The comparative analysis of local PFFimpl and Voc,impl results of the cell precursor (Fig. 3, sample E) 
leads to a significantly different observation. In contrast to the bulk lifetime sample, regions featuring 
high local Voc,impl results show low local PFFimpl results, even below local PFFimpl results of low-Voc,impl 
regions. This is caused by lateral currents, flowing through the highly conductive ITO layer. 
Lateral currents effectively compensate Voc,impl differences of neighboring regions with significantly 
different lifetimes. The absence of an adjacent low-lifetime region therefore leads to high PFFimpl results 
for regions featuring high Voc,impl values (as can be seen on the right half of the sample in Fig. 4). By 
comparing the different variations of heterojunction samples (Fig. 3, samples B-D) it becomes obvious 
that lateral currents only emerge within the conductive ITO layer on the emitter side. 
A different example of the impact of lateral currents (or rather the consequence of their inhibition) is 
given by the sample in Fig. 4: on this sample, the top left corner had broken off before the measurements. 
While the breaking edge is barely visible in Voc,impl values at 1 sun, the PFFimpl image clearly shows the 
outline of the discontinued ITO layer (Fig. 4). This observation could be explained by the fact that charge 
carriers are inhibited to flow into the shunting-affected border region, hence concentrating on one side 
and eventually allowing for high PFFimpl results. 
 
Table 3. Global FF0 at 1 sun or PFFimpl results, determined on 103 cm2 area 
Sample Emitter Back surface field Maximum Minimum Average [7] 
A SiNx SiNx 
84.8 (FF0) 83.3 (FF0) 84.4 (FF0) 
83.4 79.4 82.2 
B a-Si:H / SiOx a-Si:H / SiOx 83.3 77.7 81.1 
C a-Si:H / SiOx a-Si:H / ITO 82.6 76.7 81.2 
D a-Si:H / ITO a-Si:H / SiOx 83.1 77.9 80.7 
E a-Si:H / ITO a-Si:H / ITO 83.0 78.0 80.7 
 
 
 
A: Bulk lifetime 
sample 
 
B: SHJ sample 
 
C: ITO only on 
BSF 
 
D: ITO only on 
emitter 
 
E: Solar cell 
precursor 
 
PFFimpl 
 
Fig. 3. Local PFFimpl results; 4.25 cm x 10 cm image section 
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3.3. Shunts 
Shunts induced by the ITO layers of a solar cell precursor could be revealed by means of local PFFimpl 
results (see Fig. 4b). Unlike the Voc,impl results at one sun (Fig. 4a), local PFFimpl results are severely 
reduced within a strip of 1 cm alongside the edges, due to shunting of the emitter and back surface field 
by wrap-around of the ITO. This causal relationship could be verified by measurements after grinding of 
the edge. 
 
 
(a) Voc,impl at 1 sun 
 
(b) PFFimpl 
Fig. 4. Solar cell precursor from earlier measurements, partly broken and showing shunts; 12.5 cm x 12.5 cm wafer area 
4. Conclusion 
Suns-PLI provides a suitable technique for the characterization of solar cell precursors based on 
heterojunctions on multicrystalline silicon wafers. The validity of contactless Suns-PLI measurements 
was backed by a comparison with results achieved with the commonly used Suns-Voc method. The 
analysis of silicon heterojunction cells lead to the following observations: At 1 sun, heterojunctions allow 
sufficient surface passivation, comparable to passivation by silicon nitride. The overall recombination and 
therefore the implied open-circuit voltages are only determined by the bulk lifetime. At the maximum 
power point, a different behavior could be observed: The introduction of silicon heterojunctions lead to a 
fill factor loss, induced by increased junction recombination. Furthermore, the formation of a solar cell 
precursor by adding a transparent conductive oxide layer caused an additional reduction of the global 
implied pseudo fill factor, due to the local effect of lateral compensation currents. 
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